Abstract Immunoglobulin (IG) gene rearrangement and expression are central to disease resistance and health maintenance in animals. The IG kappa (IGK) locus in swine (Sus scrofa domestica) contributes to approximately half of all antibody molecules, in contrast to many other Cetartiodactyla, whose members provide the majority of human dietary protein and in which kappa locus utilization is limited. The porcine IGK variable locus is 27.9 kb upstream of five IG kappa J genes (IGKJ) which are separated from a single constant gene (IGKC) by 2.8 kb. Fourteen variable genes (IGKV) were identified, of which nine are functional and two are open reading frame (ORF). Of the three pseudogenes, IGKV3-1 contains a frameshift and multiple stop codons, IGKV7-2 contains multiple stop codons, and IGKV2-5 is missing exon 2. The nine functional IGKV genes are phylogenetically related to either the human IGKV1 or IGKV2 subgroups. IGKV2 subgroup genes were found to be dominantly expressed. Polymorphisms were identified on overlapping BACs derived from the same individual such that 11 genes contain amino acid differences. The most striking allelic differences are present in IGKV2 genes, which contain as many as 16 amino acid changes between alleles, the majority of which are in complementarity determining region (CDR) 1. In addition, many IGKV2 CDR1 are shared between genes but not between alleles, suggesting extensive diversification of this locus through gene conversion.
Introduction
The adaptive humoral immune response must be able to generate a nearly infinite arsenal of antibodies to provide protection against an incredibly diverse array of pathogens and toxins. In pigs, the three immunoglobulin (IG) loci comprise the IG heavy (IGH) locus on chromosome 7q25-q26, the IG lambda (IGL) locus on 14q16-q21, and the IG kappa (IGK) locus on 3q12-q14 (Yerle et al. 1997) . The variable domain of each IG chain is encoded by a variable (V) gene, a diversity (D) gene (heavy chain-only) and a joining (J) gene which rearrange through recognition of recombination signal (RS) sequences by the RAG1 and RAG2 complex and subsequent double strand break repair (McBlane et al. 1995; Kim and Oettinger 2000) . The highly variable complementarity determining regions (CDR) 1 and 2 are encoded by the V region and differ in sequence between genes. CDR3 is the result of junctional diversity between genes which rearrange and is largely generated from exonuclease trimming of the gene ends and random nucleotide addition via terminal deoxynucleotidyl transferase (TdT) during gene rearrangement early in B cell development. Thus, the combined three CDR of the V heavy domains (VH) and three CDR of the V light domains (VL) provide antibodies with an immensely diverse antigen-binding repertoire (Wu and Kabat 1970; Lefranc and Lefranc 2001) .
The use of either kappa or lambda light chain is first determined by the somatic rearrangement of the kappa locus. However, if both homologous chromosomes fail to produce functional antibody, they are ablated through recombination between a 3′ kappa deleting element (KDE) and a recombining element in the J-C intron. The lambda locus is then able to undergo rearrangement until the B cell either produces a functional light chain or is deleted (Siminovitch et al. 1985) . While most members of Cetartiodactyla rely heavily on the lambda locus, pigs are unusual in that their expressed repertoires are nearly 1:1 kappa-lambda (Butler et al. 2005) . This variation between species might be due to 1) the ability of either locus to produce functional antibody (i.e. locus complexity) or 2) regulation of kappa locus ablation. However, while the kappa joining (IGKJ) and constant (IGKC) genes are previously described in pigs, the variable (IGKV) gene organization and complexity are unknown (Butler et al. 2006a) . Here, we interrogated available porcine genetic and genomic sequence data (Schook et al. 2005; Humphray et al. 2007; Archibald et al. 2010 ) to more fully characterize the organization, complexity, and expression of the IGK locus. Our findings suggest that the locus is organized similarly to, but is more complex than, other mammalian species that rely primarily on the lambda locus for light chain expression. Interestingly, the most highly expressed IGKV subgroup (IGKV2) is highly polymorphic between alleles from the same animal, with diversity due largely to variation within CDR1. However, while many CDR1 differed between alleles, they were shared between genes, a phenomenon that is best explained by evolution through homologous recombination between genes (i.e. gene conversion). This phenomenon was not, however, observed among members of the similarly sized population of IGKV1 genes which, by comparison, are poorly expressed.
Materials and methods

Identification and sequencing of the bacterial artificial chromosomes
Sus scrofa genome build 9 was queried to identify the bacterial artificial chromosomes (BACs) containing IGKV sequences using the Basic Local Alignment Search Tool (BLAST) within the Ensembl database (Altschul et al. 1990; Hubbard et al. 2002) . Nucleotide sequences for each BAC containing the region of interest were downloaded for further analysis from GenBank. The CHORI (Children's Hospital Oakland Research Institute)-242 BAC library used was derived from a single Duroc sow (http://bacpac.chori.org/ porcine242.htm). Additionally, two BAC clones (CH242-221I5 and CH242-227G10) were acquired and expanded overnight, and BAC DNA was purified using the Qiagen Plasmid Midi Prep with Qiagen-tip 500 columns. Purified DNA was submitted to the University of Minnesota Biomedical Genomics Center for library preparation and paired-end sequencing using the Illumina GAIIx platform.
Characterization of the porcine IGK locus
Approximately 20 million high quality reads were sorted by molecular tag to differentiate samples and assembled using a combination of ABySS and Velvet (Simpson et al. 2009; Zerbino and Birney 2008) . Generated contigs were assembled against the existing BAC sequences using Sequencher 4.10.1 (Gene Codes Corporation). The resulting complete BAC sequences were manually annotated and interrogated for immunoglobulin features such as RS (i.e. heptamers and nonamers), promoters (i.e. octamers), and gene structure using the annotation software Artemis (Rutherford et al. 2000) .
The sequences of CH242-221I5, CH242-227G10, and CH242-148A13 were acquired from GenBank (accession numbers: CU694848, FP312898, and CU928807, respectively) and assessed for IGKV, IGKJ, and IGKC genes using BLAST. Phylogenetic analyses were performed in CLC Sequence Viewer (CLC Bio) and Dendroscope (Huson et al. 2007 ) using Unweighted Pair Group Method with Arithmetic Mean (UPGMA) with 1000 bootstrap iterations. Genes were annotated according to IMGT®, the international ImMunoGeneTics information system® (Lefranc et al. 2009 ). Translated amino acid sequences of the IGKV genes were compared, and CDR and framework (FR) boundaries were annotated according to the IMGT unique numbering for V domain (Lefranc et al. 2003) . IGKC gene translation was annotated according to the IMGT unique numbering for C domain ). Expression of germline IGKV genes was compared using 41 BLAST hits obtained from 398,837 porcine expressed sequence tags (ESTs) in GenBank and deposited at http://pigest.ku.dk/index.html (Gorodkin et al. 2007) using an E-value threshold of 10 −12 .
Nomenclature
The porcine IGKV genes are named according to IMGT nomenclature (Lefranc and Lefranc 2001; Lefranc , 2008 , using human V gene subgroup nomenclature to maintain consistency with porcine heavy chain, light chain, and cattle lambda light chain nomenclature (Eguchi-Ogawa et al. 2010; Butler et al. 2005 Butler et al. , 2006a Pasman et al. 2010) . The porcine IGKV, IGKJ, and IGKC genes were submitted to IMGT/GENE-DB (Giudicelli et al. 2005) . IgBLAST was used to organize IGKV genes into subgroups using a 75% identity threshold. IGKV genes are described based on IMGT nomenclature rules. Briefly, genes were deemed pseudogenes if they contained a truncation, stop codon, frameshift, or a defective initiation codon. Additionally, IGKV genes were described as ORF (open reading frame) if they were missing one (or more) key amino acids (1st-CYS 23, CONSERVED-TRP 41, hydrophobic 89, 2nd-CYS 104).
RS were deemed non-canonical if the heptamer was anything other than "CACAGTG" for V-HEPTAMER (or "CACTGTG" for J-HEPTAMER) or if the nonamer contained at least two nucleotides which were each present in less than 10% of all RS described by Ramsden et al. (1994) . Table 2 Protein display of in-frame IGKV genes using IMGT unique numbering
Results
Organization of the porcine immunoglobulin kappa locus
The porcine IGK locus contains a single constant gene (IGKC) 2.8 kb downstream from five IGKJ genes. The IGKV locus begins 27.9 kb upstream from IGKJ1. We identified 14 distinct IGKV genes spanning approximately 89 kb (Fig. 1) . Two additional IGKV genes were identified on the BAC CH242-148A13 and are most likely orphons as the BAC maps to a different region of chromosome 3. BLAST failed to identify additional IGKV genes in the porcine genome or on other shotgun sequenced CH242 BACs (not shown). Three of the 14 identified IGKV genes within the locus are pseudogenes; IGKV3-1 contains a frameshift and multiple stop codons, IGKV7-2 contains multiple stop codons, and IGKV2-5 is missing the V-EXON (Table 1) .
The kappa deleting element (KDE) was identified approximately 23.2 kb downstream from IGKC and contains a canonical RS that is identical to the cattle KDE RS (Das et al. 2009 ). Likewise, the recombining element in the J-C intron is comprised of a canonical heptamer (CACAGTG). The conservation of this system between pigs and other members of Cetartiodactyla suggests that ease of kappa locus ablation does not explain preferential lambda locus usage (Das et al. 2009 ).
Phylogenetic analysis of IGKV genes
The first four C-proximal IGKV genes are related to the human IGKV subgroups IGKV3, IGKV7, and IGKV5. The fifth gene, IGKV2-5, is missing the V-EXON, and its membership in the IGKV2 subgroup is inferred here based solely on its leader sequence. The remaining nine genes are split among the IGKV1 and IGKV2 subgroups (Fig. 2) . In general, this pattern of gene organization is mirrored in humans (Kawasaki et al. 2001; Lefranc and Lefranc 2001) . Compared to humans, the swine IGKV3-1, IGKV7-2, and IGKV5-4 genes are closest to the human C-proximal IGKV3-7, IGKV7-3, and IGKV5-2 genes, respectively. However, the remaining porcine genes forming the IGKV1 and IGKV2 subgroups are all phylogenetically similar to only one or two human IGKV genes (IGKV1-9, IGKV1-27, IGKV2-28, and IGKV2-40). This suggests that substantial IGKV repertoire expansion and contraction of specific IGKV subgroups has occurred during the evolutionary divergence of swine and humans.
Allelic variation and gene conversion
The sequenced BACs CH242-221I5 and CH242-227G10 overlap across much of the characterized kappa locus. Thirteen of the 14 IGKV genes are represented on both BACs as are all IGKJ genes and IGKC (Fig. 1) . Nucleotide identity across this overlap varies from approximately 99% in the IGKJ-IGKC locus to 97% in the IGKV locus. Differences of one or more nucleotides between BACs were identified in 11 IGKV genes (Table 1) , and amino acid changes were found between each of these alleles. A total of 62 amino acid changes were identified and ranged from two (IGKV7-2 and IGKV5-4) to 16 (IGKV2-8) per gene (Table 2) . Interestingly, all intact IGKV2 subgroup genes except IGKV2-12 were highly polymorphic in CDR1 (Table 2 ). The CDR1 of IGKV2-6, IGKV2-8, IGKV2-10, and IGKV2-13 contained four, seven, six, and three amino acid changes, respectively, between alleles. Interestingly, many of these CDR1 are shared between genes, while the upstream and downstream regions remain largely identical between alleles (Table 2) . For example, IGKV2-13 and IGKV2-6 on CH242-221I5 possess the same CDR1 sequence which is different from their alleles on CH242-227G10 (Table 3 ). This suggests that the IGKV2 repertoire has diversified CDR1 through gene duplication and gene conversion. Thus, the allelic diversity of the IGKV2 subgroup may be quite large. In contrast to the IGKV genes, the IGKJ genes were all identical at the amino acid level between BACs (not shown). IGKC contains a single nucleotide polymorphism resulting in a Ser-122 (IGKC*01) to Asn-122 (IGKC*02) amino acid change (Table 4) . Comparison with Minnesota Miniature swine complimentary DNA sequence (GenBank: M59321.1) reveals the presence of ten amino acid differences from IGKC*01 described here, indicating substantial variation between pig breeds even within the relatively conserved constant region (Lammers et al. 1991) . The IGKC Cys-126 is the terminal amino acid in cattle (GenBank: BC151500.1) and other described species in the IMGT database, including humans, mice, rats, and rabbits (Emorine and Max 1983; Giudicelli et al. 2005; Hieter et al. 1980; Sheppard and Gutman 1981) . Interestingly, in both the Minnesota Miniature and Duroc pig breeds IGKC contains two additional amino acids downstream from Cys-126 (Table 4 ; Lammers et al. 1991) .
Expression of IGKV genes
In addition to the presence of stop codons and frameshifts, functionality is further restricted in some IGKV genes by non-canonical RS necessary for recombination and octamers necessary for transcription. Non-canonical RS were found in three of the four IGKV1 subgroup genes (IGKV1-7, IGKV1-9, and IGKV1-14) ( Table 5) . The remaining member, IGKV1-11, contained a noncanonical RS on CH242-221I5 but a canonical sequence on CH242-227G10. Additionally, non-canonical RS were also located in the first two pseudogenes (IGKV3-1 and IGKV7-2). Non-canonical octamers (i.e. other than ATTTGCAT) were present upstream of IGKV3-3 and two of the four IGKV1 subgroup genes (IGKV1-7 and IGKV1-14). Non-canonical 5′ splice sites (i.e. other than GT) were also observed for several genes, most notably among IGKV1 subgroup genes (Table 5) . Combined, these data suggest that the functional repertoire of the kappa variable region is largely restricted to members of the IGKV2 subgroup.
Indeed, BLAST analysis of a porcine EST database revealed that all five functional IGKV2 subgroup genes were expressed, with the most highly expressed genes being IGKV2-10 and IGKV2-13) (Fig. 3) . Relatively low level expression (a combined 19% of EST hits) of IGKV1-9 and IGKV1-11 was also observed. They are the only two IGKV1 subgroup genes possessing both a canonical RS and promoter octamer. These findings agree with an earlier report that IGKV2 represents approximately 90% of the expressed porcine pre-immune repertoire (Butler et al. 2004 ). The gene IGKV5-4 was not found in the database despite having an intact open reading frame and both canonical RS and octamer (Table 5 ). This confirms that the amino acid changes (C23>R and W41>C) that assign the functionality of that gene to "ORF" instead of "functional", have a detrimental effect on the variable domain structure.
Discussion
The general organization of the porcine kappa locus is typical of mammals. Functional diversity of the locus is more complex than in cattle, in which only eight of 24 IGKV genes are functional (Ekman et al. 2009 ). It is similar to the human kappa locus, which also has high functional diversity and equivalent expression of IGK and IGL (Kawasaki et al. 2001; Lefranc and Lefranc 2001; Butler et al. 2005) . The high level of functional diversity in swine and humans may facilitate efficient IGK expression, thus avoiding KDE-dependent ablation of IGKC. Conversely, low functional diversity in cattle may result in a high rate of KDE-dependent IGKC ablation and low relative IGK usage in B cells.
IGKV2 subgroup genes are dominantly expressed as previously described (Butler et al. 2004 ). However, we identified only five complete IGKV2 genes in the first 89 kb of the IGKV locus, which is substantially less than an Fig. 3 Expression of IGKV genes. BLAST analysis revealed 41 hits from 398,837 expressed sequence tags in GenBank and deposited at http://pigest.ku.dk/index.html (Gorodkin et al. 2007) . The x-axis is organized by gene order in the locus with the most 5′ (most C-distal) IGKV genes on the left. The IGKV2 subgroup dominates (~80%) the expression profile estimated 61 IGKV2 genes in 250 kb of sequence identified by Southern hybridization and sequencing of IGKV2-specific PCR clones (Butler et al. 2004 ). The previous estimate may be an overestimation of kappa locus complexity since the density of genes across the entire locus would need to be at least twice that observed by directly sequencing BACs. The IGKV gene density observed here is similar to that of the human C-proximal IGKV cluster (75 IGKV genes per 542 kb) (Kawasaki et al. 2001; Lefranc and Lefranc 2001) . The presence of additional upstream IGKV genes in the porcine locus has not been ruled out, although a BLAST search of shotgun sequenced genomic BACs did not reveal any additional upstream sequence specific to the kappa locus.
The presence of extensive IGKV allelic differences, up to 10% of sequence variation in IGKV2-8, occurs primarily within the CDR1 of IGKV2 subgroup genes. Further, CDR1 appears to be shared by some IGKV2 subgroup genes, but not necessarily between alleles. Interestingly, a similar phenomenon was observed in the porcine IGH locus, in which many IGHV genes share individual CDR (Butler et al. 2006b; Eguchi-Ogawa et al. 2010) . The pattern of variation may be due to evolution through non-crossover homologous recombination events, namely gene conversion. Evidence for germline gene conversion was also observed in the human IGKV (Bentley and Rabbitts 1983) and mouse IGHV (Cohen and Givol 1983) genes and in the human IGHC genes (Flanagan et al. 1984; Lefranc et al. 1986; Huck et al. 1989) . IG gene conversion is generally presented as a mechanism of somatic antibody diversification, especially in chickens and rabbits which utilize a diverse array of pseudogenes as templates for functional IG gene assembly during B cell development to diversify limited functional germline repertoires (recently reviewed by Kurosawa and Ohta (2011) ). In swine, however, there is little evidence supporting somatic diversification through templated gene conversion (Butler et al. 2006a ). Thus, the porcine kappa locus appears to have achieved repertoire diversity through gene duplication and germline gene conversion to increase allelic variation in CDR1.
